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Plasmids are self-replicating autonomous replicons that may significantly increase the plasticity of bacterial genomes and therefore promote genetic diversity in their hosts. Model plasmid molecules contain a set of basic structural genetic modules responsible for plasmid maintenance and conjugal transfer (defined as the plasmid backbone) and an additional load of genetic information, which may be beneficial to the host under appropriate environmental conditions (Siefert 2009).
	Plasmids differ significantly in their size and genetic content. The smallest plasmid (744 bp, GenBank acc. no. CP003983) was identified in Candidatus Tremblaya phenacola PAVE (obligatory endosymbiont of Planococcus citri mealybugs) and the largest (2.58 Mb, GenBank acc. no. NC_007974) in Cupriavidus metallidurans CH34 (both strains belong to the class Betaproteobacteria)   ADDIN EN.CITE (Husnik, et al. 2013, Janssen, et al. 2010). Complete nucleotide sequences of over 4600 plasmid genomes have been obtained to date, but only a small fraction of these have been thoroughly analysed  ADDIN EN.CITE (Shintani, et al. 2015). 
It was shown that the distribution of plasmid sizes is bimodal, with peaks at approximately 4-8 and 32 kb, and the average plasmid size of 79.8 kb  ADDIN EN.CITE (Shintani, et al. 2015). The analyses of plasmids are mostly limited to larger molecules which carry additional genetic load of adaptive value, e.g. antibiotic resistance genes. Therefore, a pool of small-sized plasmids remains unexplored. Small plasmids of the sizes not exceeding 5 kb are usually narrow host range cryptic replicons carrying only the maintenance modules enabling their replication and stable inheritance, and optionally genes responsible for the mobilization to conjugal transfer [e.g.  ADDIN EN.CITE (Dziewit, et al. 2013, Maj, et al. 2013, Zaleski, et al. 2015)]. Such mobile genetic elements are mostly considered as selfish DNA, but there are also theories suggesting that they may act as efficient carrier molecules, promoting the spread of diverse genetic information among evolutionarily distinct bacterial species  ADDIN EN.CITE (Smorawinska, et al. 2012).  
Very little is also known about the plasmids of cold-active bacteria since only 66 such replicons have been identified and even less analysed so far (Dziewit and Bartosik 2014). To broaden knowledge in this area, we initiated a project aimed at characterizing plasmids occurring in psychrophilic bacteria inhabiting Spitsbergen Island (Svalbard archipelago).
The Svalbard archipelago is located between 76° and 80° N and 10° and 33° E. It is the northernmost landmass in the European Arctic and has a variety of small- and medium-sized glaciers. Summarizing, about 60% of Svalbard is covered by glaciers of various types  ADDIN EN.CITE (Dowdeswell, et al. 1997). The Hans and Werenskiold Glaciers are located on the north shore of the Hornsund Fiord at the south end of Spitsbergen Island (Svalbard Archipelago). Hans Glacier, a grounded tidewater glacier, has a surface area of about 57 km2 and its bottom extends 100 m below sea level. The maximum ice thickness is estimated to be 400 m. Werenskiold Glacier is a land-based valley glacier located next to Hans Glacier. It occupies an area of about 27 km2 with a maximum ice thickness of 235 ± 15 m  ADDIN EN.CITE (Pälli, et al. 2003).
Glacial surfaces are colonized by bacteria that may be extremely numerous, diverse and highly active (Grzesiak, et al. 2015). The supraglacial habitats (comprising the top metre of ice) are colonized mostly by the “wind-born” microorganisms (accumulating through the atmospheric deposition) that later develop into specific microbial communities within the glacial ice. It was shown that the number of microorganisms within the surface ice ranges between about 104 cells per ml up to 108 microbial cells per ml within the cryoconite holes  ADDIN EN.CITE (Boetius, et al. 2015). Distinct lineages of Cyanobacteria, Actinobacteria, Acidobacteria, Bacteroidetes and most prominently Proteobacteria have been found on all glacial surfaces examined to date  ADDIN EN.CITE (Choudhari, et al. 2013, Edwards, et al. 2011, Stibal, et al. 2015). Members of the family Comamonadaceae (Betaproteobacteria), including the genus Variovorax, are frequent and abundant inhabitants of glacial surfaces  ADDIN EN.CITE (Franzetti, et al. 2013, Simon, et al. 2009). 
Bacteria of the genus Variovorax are Gram-negative rods commonly isolated from soil and water. Colonies have a characteristic yellow colour due to the production of carotenoid pigments  ADDIN EN.CITE (Willems, et al. 1991). Some strains may interact with other bacteria, fungi and plants. One example is Variovorax paradoxus, belonging to the group of plant growth promoting rhizobacteria. It was reported that this species has a beneficial impact on plant growth, stress tolerance and disease resistance  ADDIN EN.CITE (Han, et al. 2011).
The diverse metabolic capabilities of Variovorax spp. strains have received much attention. The name of this genus is derived from the ability of these bacteria to metabolize a wide variety of compounds (vario – to diversify, vorax – voracious). In general, Variovorax spp. are chemoorganotrophs, but some strains may grow as facultative lithoautotrophs with hydrogen as the energy source  ADDIN EN.CITE (Satola, et al. 2013, Willems, et al. 1991). 
Complete genomic sequences of three strains of Variovorax are currently available in the GenBank database (NCBI): all of the genus V. paradoxus (strains B4, EPS, S110). The average size and GC content of the nucleotide sequences of these strains are 6.8 Mb and 67%, respectively. The genomes of strains B4 and S110 are composed of primary and secondary chromosomes (chromids), but neither include plasmids. 
In general, very little is known about extrachromosmal replicons of Variovorax spp. To our knowledge, there have been only three reports describing four plasmids of V. paradoxus HB44, BS64 and TV1, and Variovorax sp. DB1  ADDIN EN.CITE (Kim, et al. 2013, Vallaeys, et al. 1998, Zhang, et al. 2015). It was shown that plasmids pHB44 and pBS64 (both of approx. 60 kb) play a role in biofilm formation (Zhang et al. 2015), while pDB1 (65.3 kb) and pTV1 (200 kb) carry tfd operons responsible for the utilization of 2,4-dichlorophenoxyacetic acid  (Vallaeys et al. 1998; Kim et al. 2013). 
	In this study, we characterized six novel plasmids of psychrophilic Variovorax spp. strains. Four of these replicons possess unique structures and do not encode any proteins, even those that would be involved in replication initiation. Amongst the analysed miniature replicons, pHW69V1 was recognized as the smallest autonomous plasmid identified so far in free-living bacteria.

Materials and Methods 

Bacterial strains, plasmids and culture conditions

Bacterial strains and plasmids used in this study are listed in table 1. The strains were grown on R2A and lysogeny broth (LB) media (Sambrook and Russell 2001) at 37C (Escherichia coli, Pseudomonas aeruginosa), 30C (Agrobacterium tumefaciens, Achromobacter sp., V. paradoxus) or 4C and 15C (Arctic Variovorax spp.). R2A and LB medium was solidified by the addition of 1.5% (w/v) agar. Where necessary, the media were supplemented with antibiotics: ampicillin (100 μg/ml), kanamycin (50 μg/ml for strains BR825, TG1, LBA288 and EPS, or 500 μg/ml for LM16R and PAO1161) and rifampin (50 μg/ml).

Sample collection and bacterial isolation





Cultures of each strain were diluted to an optical density at 600 nm (OD600) of about 0.05 in R2A medium. Triplicates of each culture were then incubated with shaking at 4°C, 15°C, 22°C, 30°C or 37°C for 7 days (168 hours). The OD600 of the respective cultures was measured every 24 hours.

DNA manipulations and introduction of plasmid DNA into bacterial cells

Bacterial plasmids were isolated using a standard alkaline lysis method (Birnboim and Doly 1979). Plasmid DNA was also isolated using a Plasmid Mini Kit (A&A Biotechnology) and GeneJET Plasmid Miniprep Kit (Thermo Scientific). Standard DNA manipulations were performed as described previously (Sambrook and Russell 2001). PCR was performed in a Mastercycler (Eppendorf) using HiFidelity DNA polymerase (Qiagen; with supplied buffer), dNTP mixture and appropriate primer pairs [Table S1 (Supporting Information)]. Plasmids were introduced into (i) Achromobacter sp., A. tumefaciens and Variovorax spp. by triparental mating (using pRK2013 carrying RK2 conjugal transfer system as a helper plasmid, Table 1)  ADDIN EN.CITE (Bartosik, et al. 2001), (ii) E. coli and P. aeruginosa by chemical transformation  ADDIN EN.CITE (Irani and Rowe 1997, Kushner 1978) and (iii) V. paradoxus and Arctic Variovorax strains by electroporation  ADDIN EN.CITE (Pehl, et al. 2012).
The triparental mating was conducted as follows: overnight cultures of the donor, recipient and helper strains (carrying pRK2013 helper plasmid) were spun down and washed twice to remove antibiotics and mixed in ratio 1:2:1. Then 100 µl of the mixture was spread on a plate containing solidified LB medium. After overnight incubation, the bacteria were washed off the plate, and suitable dilutions were plated on selective media containing appropriate antibiotics to select transconjugants. For mating with Variovorax strains following modifications were applied: recipient Variovorax strains were cultivated on LB agar plates for 10-14 days to allow strain to growth, then donor and helper strains were spread on plate with recipient and cultivated for 3 days to allow exchange of genetic information.

Plasmid host range testing

To analyse the host range of plasmids pHW69V1 and pHW80V1, mobilizable shuttle plasmids were constructed (Table 1), containing the respective plasmids and an E. coli-specific pMB1 (ColE1-type) replication system [vector pABW1  ADDIN EN.CITE (Bartosik, et al. 1997)]. The obtained plasmids were introduced into strains BR825, EPS, LBA288, LM16R and PAO1161. Since the ColE1-type replication system is not functional in any of the recipient strains (E. coli BR825 carries a mutation within the DNA polymerase I gene that prevents ColE1-type replication), all functions required for replication of the shuttle plasmids in the tested hosts were provided by the plasmids pHW69V1 or pHW80V1. 

Plasmid stability assay 





To analyse the genomic origin of the miniature plasmids, Southern blot DNA-DNA hybridization was performed as described previously (Sambrook and Russell 2001). The plasmid DNA fragments used as molecular probes were ampliﬁed by PCR, gel-puriﬁed and labeled with digoxigenin (Roche). For each of the tested elements, a specific probe was hybridized with appropriately digested total DNA and plasmid DNA of the host strain. Hybridization and visualization of bound digoxigenin-labeled probes were carried out as recommended by the supplier (Roche). The restriction enzymes used for DNA digestion were carefully selected so that the number of DNA bands hybridizing with a particular probe was equivalent to the copy number of that element within the genome.

16S rRNA gene amplification 









Plasmid nucleotide sequences were analysed using Artemis software (Carver, et al. 2008). Similarity searches were performed using the BLAST programs  ADDIN EN.CITE (Altschul, et al. 1997) provided by the NCBI (http://blast.ncbi.nlm.nih.gov/Blast.cgi (​http:​/​​/​blast.ncbi.nlm.nih.gov​/​Blast.cgi​)). Putative rRNA and tRNA genes were identified using the Rfam  ADDIN EN.CITE (Nawrocki, et al. 2014), tRNAScan-SE  ADDIN EN.CITE (Lowe and Eddy 1997) and ARAGORN programs (Laslett and Canback 2004). The locations of terminators and promoters were determined using ARNold  ADDIN EN.CITE (Naville, et al. 2011) and a Neural Network Promoter Prediction program  ADDIN EN.CITE (Reese 2001), respectively. Phylogenetic analyses were conducted using the MEGA6 package (Tamura, et al. 2013), applying the neighbour-joining algorithm with Kimura corrected distances and 1000 bootstrap replicates. Initial alignments obtained with ClustalW  ADDIN EN.CITE (Chenna, et al. 2003) were manually refined using T-Coffee - Multiple Sequence Alignment  ADDIN EN.CITE (Notredame, et al. 2000). 

Nucleotide sequence accession numbers





Identification and temperature tolerance analysis of Arctic strains of Variovorax spp. 

The taxonomic identity of 54 bacterial isolates obtained from samples collected on Spitsbergen (Arctic) was determined by comparative sequence analysis of their 16S rRNA genes amplified by PCR. The analysis revealed that bacteria belonged to seven genera, i.e. Arthrobacter (1 isolate), Cryobacterium (13), Devosia (1), Limnohabitans (1), Polaromonas (23), Salinibacterium (4) and Variovorax (11). Eleven strains forming smooth circular yellow-coloured colonies (characteristic for carotenoid producers), that were classified to the genus Variovorax (Betaproteobacteria) were subjected for further analysis.
	To analyse the diversity of the isolated strains and their relationship to 6 well-defined type strains of the genus Variovorax (NCBI), their partial 16S rDNA sequences (1282 bp) were subjected to phylogenetic analysis. All of the Arctic Variovorax strains exhibited 99.76-100% reciprocal 16S rDNA sequence identity and were clustered into one group (Fig. 1). The topology of the phylogenetic tree showed that the strains were most related to V. paradoxus EPS (98.95-99.24% identity) and V. boronicumulans NBRC 103145 (98.98-99.16% identity), isolated from sunflower rhizosphere and soil, respectively  ADDIN EN.CITE (Han, et al. 2013, Miwa, et al. 2008).
To determine whether the Variovorax spp. isolates fulfil the definition of psychrophilicity  ADDIN EN.CITE (Morita 1975), their temperature requirements for growth were determined [Fig. S1 (Supporting Information)]. This analysis revealed that all 11 strains grew at temperatures ranging between 4 and 22°C (but not at ≥30°C), with an optimum temperature of 15°C. Based on these results, all of the strains were classed as psychrophiles.

General features of identified Variovorax spp. plasmids

Plasmid screening (performed using alkaline DNA extraction) revealed that 5 of the Variovorax spp. strains (HW69, HW80, PV16, PV24 and PV40) carried extrachromosomal replicons. Interestingly, all of the plasmid-containing strains originated from the Werenskiold Glacier. In total, 6 plasmids were identified (Table 2). Their complete nucleotide sequences were determined and computational sequence analysis was performed.
All of the identified plasmids were small circular replicons with sizes not exceeding 2 kb. Their average GC content was 60.6%, which is nearly 7% less than that of the chromosomes of three members of the genus Variovorax sequenced so far. This is in line with the general observation that the GC content of the vast majority of plasmids is lower than that of the chromosomes of their hosts  ADDIN EN.CITE (Nishida 2012). 
Comparative analysis revealed that the identified plasmids comprised two groups of related replicons: (i) 4 miniature plasmids (pHW69V1, pPV16V1, pPV24V1 and pPV40V1) ranging between 746 and 925 bp in size, and (ii) 2 slightly larger plasmids (pHW80V1 and pPV24V2) with sequence similarity to a known replicon, pRGFK1142 (Table 2). 

Plasmids pHW80V1 and pPV24V2

Plasmids pHW80V1 and pPV24V2, identified in strains HW80 and PV24, were both cryptic replicons of approx. 1.8 kb in size. These highly related plasmids carried two genes, showing 98 and 95% nucleotide sequence identity, respectively. The predicted protein products of these genes shared homology with the replication initiation protein (69% amino acid sequence identity) and a hypothetical protein of unknown function (54% identity), encoded by a small plasmid of an unknown bacterium, pRGFK1142 (1525 bp; GenBank acc. no. LN853722). Plasmid pRGFK1142 was identified in the prokaryotic metamobilome of the gut of a rat (Rattus norvegicus) inhabiting Middle Island, one of the Hummock Island group in the Falkland Islands (Fig. 2).

The miniature plasmids pHW69V1, pPV16V1, pPV24V1 and pPV40V1

Four strains of Variovorax spp. (HW69, PV16, PV24 and PV40) carried related miniature plasmids not exceeding 1 kb in size (Table 2). The plasmids pPV24V1 and pPV40V1 were almost identical (only two nucleotide differences), while the two other replicons showed higher sequence divergence (Fig. 3). Multiple nucleotide sequence alignment revealed that the highest sequence conservation was in the central and 3' terminal parts of the linearized plasmid genomes (coordinates: 191-381 and 382-746 for pHW69V1, 216-405 and 406-805 for pPV16V1, 298-493 and 494-925 for pPV24V1; 298-493 and 494-925 for pPV40V1, respectively), which may correspond to the regions crucial for replication (Fig. 3).
	Interestingly, these replicons lacked significant homology to any sequences present in public databases. A search for somewhat similar sequences (BLASTn) revealed that short sequence stretches of the plasmids were conserved (83% sequence identity) in a circular genome (1309 bp) of unknown origin identified within the prokaryotic metamobilome of the gut of a rat (Rattus norvegicus) originating from a hospital sewer in Denmark (GenBank acc. no. LN853179) (Fig. 3). Sequence similarities were also observed with an intergenic region of plasmid pPNAP05 (58.8 kb) of Polaromonas naphthalenivorans CJ2 (GenBank acc. no. CP000534) (Fig. 3). Further studies are required to determine the significance of these observations. 
A unique feature of these Variovorax spp. miniature plasmids was the lack of open reading frames encoding predicted proteins. Moreover, we were unable to identify putative non-protein-coding RNA molecules, promoters or terminators using available bioinformatic techniques. This makes these plasmids an interesting and intriguing model for future molecular studies. 
	The extremely small size and unusual structure of the miniature Variovorax spp. elements raised questions as to their ability to replicate. It may be hypothesized that since these elements apparently lack replication systems, they could represent small circular DNA entities that are efficiently excised from the chromosomes of their host strains. Therefore, to prove their plasmid nature, we performed DNA hybridization analysis using molecular probes specific for each of the miniature plasmids and appropriately digested total DNA of their host strains. On Southern blots, the probes hybridized exclusively with DNA of their parental plasmids [Fig. S2 (Supporting Information)], which precluded the presence of homologous sequences within the chromosomes of the analysed Variovorax spp. strains. This indicated that the miniature elements are indeed autonomously replicating units. 

Functional analysis of plasmid pHW69V1

Mutational analysis was performed to define DNA regions that are crucial for the replication and maintenance of the miniature plasmids. For this analysis the smallest plasmid, pHW69V1, was chosen as a model. Using PCR [primers listed in Table S1 (Supporting Information)] or digestion with restriction enzyme EcoRI, seven linear forms of the pHW69V1 genome were obtained (VAR1-VAR7; Fig. 3), differing in the site of linearization. These DNA fragments were cloned (in both orientations) into the multiple cloning site of the E. coli-specific kanamycin resistant vector pABW1 (ColE1-type replicon, unable to replicate in Variovorax spp.). The 14 different shuttle plasmids (Table 1) were used to transform E. coli GM2163, a strain deficient in Dam and Dcm methylation. Non-methylated plasmid DNA, isolated from these strains, was then introduced into Variovorax sp. cells by electroporation. 
	In a preliminary experiment we were unable to introduce control broad host range plasmid, pBBR1MCS-2, into some of the studied Arctic isolates (i.e. HW69R, HW80R, PV16R, PV24R and PV40R), which indicated that other Variovorax strain should be used as a recipient. Therefore, Variovorax paradoxus EPS (plasmid-less type strain for the genus) was used as a host strain for this analysis. Following electroporation, only four shuttle plasmids were able to replicate in the EPS cells. These contained pHW69V1 linearized at sites VAR1 or VAR2, in either orientation (Fig. 3). However, the plasmids were not stably maintained and were rapidly lost when the bacteria were cultured in the absence of kanamycin selection: only 6% of cells contained the plasmid after 24 h and no plasmid-containing cells were detected after 48 h of growth in these conditions. 

Host range of the identified Variovorax spp. plasmids 

To examine the host range of the Variovorax spp. plasmids we used (i) the aforementioned pHW69V1-containing shuttle plasmids (able to replicate in V. paradoxus EPS) and (ii) an analogously constructed shuttle plasmid containing the linearized form of pHW80V1 (pRGFK1142-like plasmid of Variovorax sp. HW80; Table 1). 
	The replication ability of these shuttle plasmids was tested in four bacterial strains representing three classes of Proteobacteria: Alpha- (Agrobacterium tumefaciens LBA288), Beta- (Achromobacter sp. LM16R) and Gammaproteobacteria (Pseudomonas aeruginosa PAO1161 and E. coli BR825). Since the pABW1 replicon is non-functional in any of these recipient strains, all functions required for replication of the shuttle plasmid constructs had to be provided by the Variovorax spp. plasmids. 




This examination of the plasmidome of a pool of Arctic strains of Variovorax spp. led to the identification of a group of miniature circular plasmids of unique sequence and structure. Plasmid pHW69V1, the model in this study, is the smallest replicon ever identified in free living bacteria. We showed that this plasmid can be maintained in Variovorax spp. and Achromobacter sp., i.e. bacteria representing two distinct families of Betaproteobacteria (Comamonadaceae and Alcaligenaceae, respectively). 
	Our analysis revealed that all mutations introduced into different sites of the pHW69V1 genome (by insertion of vector pABW1) result either in loss of replication functions or in high instability of the obtained plasmid derivatives. This indicates that pHW69V1 is comprised solely of genetic information crucial for plasmid maintenance. 
	Surprisingly, the miniature replicons of Variovorax spp., in contrast to other plasmids, do not encode any predicted proteins involved in replication initiation. The possibility that the initiation factor may be provided by another replicon co-residing in the host cell cannot be excluded. However, this seems unlikely, considering the ability of pHW69V1 to replicate in different strains of Betaproteobacteria. In an alternative scenario, replication initiation of the miniature plasmids might rely on as yet unrecognized plasmid-encoded regulatory RNA molecules. The identification of such molecules and the characterization of their function will be the goal of future in-depth molecular studies. 
	It is particularly noteworthy that the Variovorax spp. miniature plasmids show partial sequence similarity to a very small circular genome present in a rat gut prokaryotic metamobilome. The identification of this distantly related molecule suggests that such miniature replicons might be more common in bacteria and highlights the importance of being vigilant for small circular DNA entities when analysing genomic data. 








Altschul SF, Madden TL, Schaffer AA et al. Gapped BLAST and PSI-BLAST: a new generation of protein database search programs. Nucleic acids research 1997;25: 3389-402.Bartosik AA, Glabski K, Jecz P et al. Transcriptional profiling of ParA and ParB mutants in actively dividing cells of an opportunistic human pathogen Pseudomonas aeruginosa. PloS one 2014;9: e87276.Bartosik D, Bialkowska A, Baj J et al. Construction of mobilizable cloning vectors derived from pBGS18 and their application for analysis of replicator region of a pTAV202 mini-derivative of Paracoccus versutus pTAV1 plasmid. Acta Microbiol Pol 1997;46: 387-92.Bartosik D, Szymanik M, Wysocka E. Identification of the partitioning site within the repABC-type replicon of the composite Paracoccus versutus plasmid pTAV1. J Bacteriol 2001;183: 6234-43.Birnboim HC, Doly J. A rapid alkaline extraction procedure for screening recombinant plasmid DNA. Nucleic acids research 1979;7: 1513-23.Boetius A, Anesio AM, Deming JW et al. Microbial ecology of the cryosphere: sea ice and glacial habitats. Nat Rev Microbiol 2015;13: 677-90.Carver T, Berriman M, Tivey A et al. Artemis and ACT: viewing, annotating and comparing sequences stored in a relational database. Bioinformatics (Oxford, England) 2008;24: 2672-6.Chenna R, Sugawara H, Koike T et al. Multiple sequence alignment with the Clustal series of programs. Nucleic acids research 2003;31: 3497-500.Choudhari S, Smith S, Owens S et al. Metagenome sequencing of prokaryotic microbiota collected from Byron Glacier, Alaska. Genome Announc 2013;1: e0009913.Ditta G, Stanfield S, Corbin D et al. Broad host range DNA cloning system for gram-negative bacteria: construction of a gene bank of Rhizobium meliloti. Proc Natl Acad Sci USA 1980;77: 7347-51.Dowdeswell JA, Hagen JO, Bjornsson H et al. The mass balance of circum-Arctic glaciers and recent climate change. Quat Res 1997;48: 1-14.Dziewit L, Bartosik D. Plasmids of psychrophilic and psychrotolerant bacteria and their role in adaptation to cold environments. Front Microbiol 2014;5: 596.Dziewit L, Cegielski A, Romaniuk K et al. Plasmid diversity in arctic strains of Psychrobacter spp. Extremophiles 2013;17: 433-44.Dziewit L, Jazurek M, Drewniak L et al. The SXT conjugative element and linear prophage N15 encode toxin-antitoxin-stabilizing systems homologous to the tad-ata module of the Paracoccus aminophilus plasmid pAMI2. J Bacteriol 2007;189: 1983-97.Dziewit L, Pyzik A, Szuplewska M et al. Diversity and role of plasmids in adaptation of bacteria inhabiting the Lubin copper mine in Poland, an environment rich in heavy metals. Front Microbiol 2015;6: 152.Edwards A, Anesio AM, Rassner SM et al. Possible interactions between bacterial diversity, microbial activity and supraglacial hydrology of cryoconite holes in Svalbard. ISME J 2011;5: 150-60.Franzetti A, Tatangelo V, Gandolfi I et al. Bacterial community structure on two alpine debris-covered glaciers and biogeography of Polaromonas phylotypes. ISME J 2013;7: 1483-92.Gathogo EW, Waugh AC, Peric N et al. Colony PCR amplification of actinomycete DNA. J Antibiot 2003;56: 423-4.Grzesiak J, Gorniak D, Swiatecki A et al. Microbial community development on the surface of Hans and Werenskiold Glaciers (Svalbard, Arctic): a comparison. Extremophiles 2015;19: 885-97.Han JI, Choi HK, Lee SW et al. Complete genome sequence of the metabolically versatile plant growth-promoting endophyte Variovorax paradoxus S110. J Bacteriol 2011;193: 1183-90.Han JI, Spain JC, Leadbetter JR et al. Genome of the root-associated plant growth-promoting bacterium Variovorax paradoxus strain EPS. Genome Announc 2013;1: e00843-13.Hooykaas PJ, den Dulk-Ras H, Schilperoort RA. Molecular mechanism of Ti plasmid mobilization by R plasmids: isolation of Ti plasmids with transposon-insertions in Agrobacterium tumefaciens. Plasmid 1980;4: 64-75.Husnik F, Nikoh N, Koga R et al. Horizontal gene transfer from diverse bacteria to an insect genome enables a tripartite nested mealybug symbiosis. Cell 2013;153: 1567-78.Irani VR, Rowe JJ. Enhancement of transformation in Pseudomonas aeruginosa PAO1 by Mg2+ and heat. BioTechniques 1997;22: 54-6.Jamieson WD, Pehl MJ, Gregory GA et al. Coordinated surface activities in Variovorax paradoxus EPS. BMC Microbiol 2009;9: 124.Janssen PJ, Van Houdt R, Moors H et al. The complete genome sequence of Cupriavidus metallidurans strain CH34, a master survivalist in harsh and anthropogenic environments. PloS one 2010;5: e10433.Kim DU, Kim MS, Lim JS et al. Widespread occurrence of the tfd-II genes in soil bacteria revealed by nucleotide sequence analysis of 2,4-dichlorophenoxyacetic acid degradative plasmids pDB1 and p712. Plasmid 2013;69: 243-8.Kovach ME, Phillips RW, Elzer PH et al. pBBR1MCS: a broad-host-range cloning vector. BioTechniques 1994;16: 800-2.Kushner SR. An improved method for transformation of E. coli with ColE1 derived plasmids. In: Boyer HB, Nicosia S (eds.) Genetic engineering. Amsterdam: Elsevier/North-Holland, 1978, 17-23.Lane DJ. 16S/23S rRNA sequencing. In: Stackebrandt E, Goodfellow M (eds.) Nucleic acid techniques in bacterial systematics. New York: Wiley, 1991, 115-75.Laslett D, Canback B. ARAGORN, a program to detect tRNA genes and tmRNA genes in nucleotide sequences. Nucleic acids research 2004;32: 11-6.Lowe TM, Eddy SR. tRNAscan-SE: a program for improved detection of transfer RNA genes in genomic sequence. Nucleic acids research 1997;25: 955-64.Ludtke DN, Eichorn BG, Austin SJ. Plasmid-partition functions of the P7 prophage. J Mol Biol 1989;209: 393-406.Maj A, Dziewit L, Czarnecki J et al. Plasmids of carotenoid-producing Paracoccus spp. (Alphaproteobacteria) - structure, diversity and evolution. PloS one 2013;8: e80258.Marinus MG, Carraway M, Frey AZ et al. Insertion mutations in the dam gene of Escherichia coli K-12. Mol Gen Genet 1983;192: 288-9.Miwa H, Ahmed I, Yoon J et al. Variovorax boronicumulans sp. nov., a boron-accumulating bacterium isolated from soil. Int J Syst Evol Microbiol 2008;58: 286-9.Morita RY. Psychrophilic bacteria. Bacteriol Rev 1975;39: 144-67.Naville M, Ghuillot-Gaudeffroy A, Marchais A et al. ARNold: a web tool for the prediction of Rho-independent transcription terminators. RNA biology 2011;8: 11-3.Nawrocki EP, Burge SW, Bateman A et al. Rfam 12.0: updates to the RNA families database. Nucleic acids research 2014;43: D130-D7.Nishida H. Genome DNA sequence variation, evolution, and function in Bacteria and Archaea. Curr Issues Mol Biol 2012;15: 19-24.Notredame C, Higgins DG, Heringa J. T-Coffee: A novel method for fast and accurate multiple sequence alignment. Journal of molecular biology 2000;302: 205-17.Pälli A, Moore JC, Jania J et al. The drainage pattern of Hans Glacier and Werenskiold Glacier, two polythermal glaciers in Svalbard. Polar Res 2003;22: 355–71.Pehl MJ, Jamieson WD, Kong K et al. Genes that influence swarming motility and biofilm formation in Variovorax paradoxus EPS. PloS one 2012;7: e31832.Reese MG. Application of a time-delay neural network to promoter annotation in the Drosophila melanogaster genome. Comput Chem 2001;26: 51-6.Sambrook J, Russell DW. Molecular cloning: A laboratory manual. New York: Cold Spring Harbor Laboratory Press, 2001.Satola B, Wubbeler JH, Steinbuchel A. Metabolic characteristics of the species Variovorax paradoxus. Appl Microbiol Biotechnol 2013;97: 541-60.Shintani M, Sanchez ZK, Kimbara K. Genomics of microbial plasmids: classification and identification based on replication and transfer systems and host taxonomy. Front Microbiol 2015;6: 242.Siefert JL. Defining the mobilome. Methods Mol Biol 2009;532: 13-27.Simon C, Wiezer A, Strittmatter AW et al. Phylogenetic diversity and metabolic potential revealed in a glacier ice metagenome. Appl Environ Microbiol 2009;75: 7519-26.Smorawinska M, Szuplewska M, Zaleski P et al. Mobilizable narrow host range plasmids as natural suicide vectors enabling horizontal gene transfer among distantly related bacterial species. FEMS Microbiol Lett 2012;326: 76-82.Spratt BG, Hedge PJ, te Heesen S et al. Kanamycin-resistant vectors that are analogues of plasmids pUC8, pUC9, pEMBL8 and pEMBL9. Gene 1986;41: 337-42.Stibal M, Schostag M, Cameron KA et al. Different bulk and active bacterial communities in cryoconite from the margin and interior of the Greenland ice sheet. Environ Microbiol Rep 2015;7: 293-300.Tamura K, Stecher G, Peterson D et al. MEGA6: Molecular Evolutionary Genetics Analysis version 6.0. Mol Biol Evol 2013;30: 2725-9.Vallaeys T, Albino L, Soulas G et al. Isolation and characterization of a stable 2, 4-dichlorophenoxyacetic acid degrading bacterium, Variovorax paradoxus, using chemostat culture. Biotechnology letters 1998;20: 1073-6.Willems A, De Ley J, Gillis M et al. Comamonadaceae, a new family encompassing the Acidovorans rRNA complex, including Variovorax paradoxus gen. nov., comb. nov., for Alcaligenes paradoxus (Davis 1969). Int J Syst Bacteriol 1991;41: 445-50.Zaleski P, Wawrzyniak P, Sobolewska A et al. pIGWZ12--A cryptic plasmid with a modular structure. Plasmid 2015;79: 37-47.Zhang M, Warmink J, Pereira e Silva MC et al. IncP-1beta plasmids are important carriers of fitness traits for Variovorax species in the mycosphere - two novel plasmids, pHB44 and pBS64, with differential effects unveiled. Microb Ecol 2015;70: 141-53.
Bartosik AA, Glabski K, Jecz P et al. Transcriptional profiling of ParA and ParB mutants in actively dividing cells of an opportunistic human pathogen Pseudomonas aeruginosa. PloS one 2014;9: e87276.
Bartosik D, Bialkowska A, Baj J et al. Construction of mobilizable cloning vectors derived from pBGS18 and their application for analysis of replicator region of a pTAV202 mini-derivative of Paracoccus versutus pTAV1 plasmid. Acta Microbiol Pol 1997;46: 387-92.
Bartosik D, Szymanik M, Wysocka E. Identification of the partitioning site within the repABC-type replicon of the composite Paracoccus versutus plasmid pTAV1. J Bacteriol 2001;183: 6234-43.
Birnboim HC, Doly J. A rapid alkaline extraction procedure for screening recombinant plasmid DNA. Nucleic acids research 1979;7: 1513-23.
Boetius A, Anesio AM, Deming JW et al. Microbial ecology of the cryosphere: sea ice and glacial habitats. Nat Rev Microbiol 2015;13: 677-90.
Carver T, Berriman M, Tivey A et al. Artemis and ACT: viewing, annotating and comparing sequences stored in a relational database. Bioinformatics (Oxford, England) 2008;24: 2672-6.
Chenna R, Sugawara H, Koike T et al. Multiple sequence alignment with the Clustal series of programs. Nucleic acids research 2003;31: 3497-500.
Choudhari S, Smith S, Owens S et al. Metagenome sequencing of prokaryotic microbiota collected from Byron Glacier, Alaska. Genome Announc 2013;1: e0009913.
Ditta G, Stanfield S, Corbin D et al. Broad host range DNA cloning system for gram-negative bacteria: construction of a gene bank of Rhizobium meliloti. Proc Natl Acad Sci USA 1980;77: 7347-51.
Dowdeswell JA, Hagen JO, Bjornsson H et al. The mass balance of circum-Arctic glaciers and recent climate change. Quat Res 1997;48: 1-14.
Dziewit L, Bartosik D. Plasmids of psychrophilic and psychrotolerant bacteria and their role in adaptation to cold environments. Front Microbiol 2014;5: 596.
Dziewit L, Cegielski A, Romaniuk K et al. Plasmid diversity in arctic strains of Psychrobacter spp. Extremophiles 2013;17: 433-44.
Dziewit L, Jazurek M, Drewniak L et al. The SXT conjugative element and linear prophage N15 encode toxin-antitoxin-stabilizing systems homologous to the tad-ata module of the Paracoccus aminophilus plasmid pAMI2. J Bacteriol 2007;189: 1983-97.
Dziewit L, Pyzik A, Szuplewska M et al. Diversity and role of plasmids in adaptation of bacteria inhabiting the Lubin copper mine in Poland, an environment rich in heavy metals. Front Microbiol 2015;6: 152.
Edwards A, Anesio AM, Rassner SM et al. Possible interactions between bacterial diversity, microbial activity and supraglacial hydrology of cryoconite holes in Svalbard. ISME J 2011;5: 150-60.
Franzetti A, Tatangelo V, Gandolfi I et al. Bacterial community structure on two alpine debris-covered glaciers and biogeography of Polaromonas phylotypes. ISME J 2013;7: 1483-92.
Gathogo EW, Waugh AC, Peric N et al. Colony PCR amplification of actinomycete DNA. J Antibiot 2003;56: 423-4.
Grzesiak J, Gorniak D, Swiatecki A et al. Microbial community development on the surface of Hans and Werenskiold Glaciers (Svalbard, Arctic): a comparison. Extremophiles 2015;19: 885-97.
Han JI, Choi HK, Lee SW et al. Complete genome sequence of the metabolically versatile plant growth-promoting endophyte Variovorax paradoxus S110. J Bacteriol 2011;193: 1183-90.
Han JI, Spain JC, Leadbetter JR et al. Genome of the root-associated plant growth-promoting bacterium Variovorax paradoxus strain EPS. Genome Announc 2013;1: e00843-13.
Hooykaas PJ, den Dulk-Ras H, Schilperoort RA. Molecular mechanism of Ti plasmid mobilization by R plasmids: isolation of Ti plasmids with transposon-insertions in Agrobacterium tumefaciens. Plasmid 1980;4: 64-75.
Husnik F, Nikoh N, Koga R et al. Horizontal gene transfer from diverse bacteria to an insect genome enables a tripartite nested mealybug symbiosis. Cell 2013;153: 1567-78.
Irani VR, Rowe JJ. Enhancement of transformation in Pseudomonas aeruginosa PAO1 by Mg2+ and heat. BioTechniques 1997;22: 54-6.
Jamieson WD, Pehl MJ, Gregory GA et al. Coordinated surface activities in Variovorax paradoxus EPS. BMC Microbiol 2009;9: 124.
Janssen PJ, Van Houdt R, Moors H et al. The complete genome sequence of Cupriavidus metallidurans strain CH34, a master survivalist in harsh and anthropogenic environments. PloS one 2010;5: e10433.
Kim DU, Kim MS, Lim JS et al. Widespread occurrence of the tfd-II genes in soil bacteria revealed by nucleotide sequence analysis of 2,4-dichlorophenoxyacetic acid degradative plasmids pDB1 and p712. Plasmid 2013;69: 243-8.
Kovach ME, Phillips RW, Elzer PH et al. pBBR1MCS: a broad-host-range cloning vector. BioTechniques 1994;16: 800-2.
Kushner SR. An improved method for transformation of E. coli with ColE1 derived plasmids. In: Boyer HB, Nicosia S (eds.) Genetic engineering. Amsterdam: Elsevier/North-Holland, 1978, 17-23.
Lane DJ. 16S/23S rRNA sequencing. In: Stackebrandt E, Goodfellow M (eds.) Nucleic acid techniques in bacterial systematics. New York: Wiley, 1991, 115-75.
Laslett D, Canback B. ARAGORN, a program to detect tRNA genes and tmRNA genes in nucleotide sequences. Nucleic acids research 2004;32: 11-6.
Lowe TM, Eddy SR. tRNAscan-SE: a program for improved detection of transfer RNA genes in genomic sequence. Nucleic acids research 1997;25: 955-64.
Ludtke DN, Eichorn BG, Austin SJ. Plasmid-partition functions of the P7 prophage. J Mol Biol 1989;209: 393-406.
Maj A, Dziewit L, Czarnecki J et al. Plasmids of carotenoid-producing Paracoccus spp. (Alphaproteobacteria) - structure, diversity and evolution. PloS one 2013;8: e80258.
Marinus MG, Carraway M, Frey AZ et al. Insertion mutations in the dam gene of Escherichia coli K-12. Mol Gen Genet 1983;192: 288-9.
Miwa H, Ahmed I, Yoon J et al. Variovorax boronicumulans sp. nov., a boron-accumulating bacterium isolated from soil. Int J Syst Evol Microbiol 2008;58: 286-9.
Morita RY. Psychrophilic bacteria. Bacteriol Rev 1975;39: 144-67.
Naville M, Ghuillot-Gaudeffroy A, Marchais A et al. ARNold: a web tool for the prediction of Rho-independent transcription terminators. RNA biology 2011;8: 11-3.
Nawrocki EP, Burge SW, Bateman A et al. Rfam 12.0: updates to the RNA families database. Nucleic acids research 2014;43: D130-D7.
Nishida H. Genome DNA sequence variation, evolution, and function in Bacteria and Archaea. Curr Issues Mol Biol 2012;15: 19-24.
Notredame C, Higgins DG, Heringa J. T-Coffee: A novel method for fast and accurate multiple sequence alignment. Journal of molecular biology 2000;302: 205-17.
Pälli A, Moore JC, Jania J et al. The drainage pattern of Hans Glacier and Werenskiold Glacier, two polythermal glaciers in Svalbard. Polar Res 2003;22: 355–71.
Pehl MJ, Jamieson WD, Kong K et al. Genes that influence swarming motility and biofilm formation in Variovorax paradoxus EPS. PloS one 2012;7: e31832.
Reese MG. Application of a time-delay neural network to promoter annotation in the Drosophila melanogaster genome. Comput Chem 2001;26: 51-6.
Sambrook J, Russell DW. Molecular cloning: A laboratory manual. New York: Cold Spring Harbor Laboratory Press, 2001.
Satola B, Wubbeler JH, Steinbuchel A. Metabolic characteristics of the species Variovorax paradoxus. Appl Microbiol Biotechnol 2013;97: 541-60.
Shintani M, Sanchez ZK, Kimbara K. Genomics of microbial plasmids: classification and identification based on replication and transfer systems and host taxonomy. Front Microbiol 2015;6: 242.
Siefert JL. Defining the mobilome. Methods Mol Biol 2009;532: 13-27.
Simon C, Wiezer A, Strittmatter AW et al. Phylogenetic diversity and metabolic potential revealed in a glacier ice metagenome. Appl Environ Microbiol 2009;75: 7519-26.
Smorawinska M, Szuplewska M, Zaleski P et al. Mobilizable narrow host range plasmids as natural suicide vectors enabling horizontal gene transfer among distantly related bacterial species. FEMS Microbiol Lett 2012;326: 76-82.
Spratt BG, Hedge PJ, te Heesen S et al. Kanamycin-resistant vectors that are analogues of plasmids pUC8, pUC9, pEMBL8 and pEMBL9. Gene 1986;41: 337-42.
Stibal M, Schostag M, Cameron KA et al. Different bulk and active bacterial communities in cryoconite from the margin and interior of the Greenland ice sheet. Environ Microbiol Rep 2015;7: 293-300.
Tamura K, Stecher G, Peterson D et al. MEGA6: Molecular Evolutionary Genetics Analysis version 6.0. Mol Biol Evol 2013;30: 2725-9.
Vallaeys T, Albino L, Soulas G et al. Isolation and characterization of a stable 2, 4-dichlorophenoxyacetic acid degrading bacterium, Variovorax paradoxus, using chemostat culture. Biotechnology letters 1998;20: 1073-6.
Willems A, De Ley J, Gillis M et al. Comamonadaceae, a new family encompassing the Acidovorans rRNA complex, including Variovorax paradoxus gen. nov., comb. nov., for Alcaligenes paradoxus (Davis 1969). Int J Syst Bacteriol 1991;41: 445-50.
Zaleski P, Wawrzyniak P, Sobolewska A et al. pIGWZ12--A cryptic plasmid with a modular structure. Plasmid 2015;79: 37-47.
Zhang M, Warmink J, Pereira e Silva MC et al. IncP-1beta plasmids are important carriers of fitness traits for Variovorax species in the mycosphere - two novel plasmids, pHB44 and pBS64, with differential effects unveiled. Microb Ecol 2015;70: 141-53.














2



